In the course of the previous works1'2) we showed that a number of oc,/?-unsaturated aldehydes and ketones could be reduced by the fungus Beauveria sulfurescens ATCC7159 at lowaeration rates. This reaction only works with small molecules (no more than ten or so carbons) bearing a small a-substituent and a hydrogen atom in the jS-position. Both yield and optical purity are excellent. In the hope of extending the scope of this reaction to other a,/?-unsaturated carbonyl compounds, we investigated the action of B. sulfurescens on a,/?-unsaturated acids, without success. Wethen turned to Clostridium La 7, washed cells of which had been shown to be capable of reducing these substrates in a hydrogen atmosphere.^This strictly anaerobic bacterium is grown in a medium containing crotonate. Three enzymes are involved in the reduction; a hydrogenase, a ferredoxin-NAD reductase and an enoate reductase. In the presence of methyl viologen, only the hydrogenase and enoate reductase are involved.
The work reported here was undertaken in order to discover whether growing cells could be used instead of isolated cells for this reaction, as this would simplify the experimental procedure and would be closer to the usual bioconversion conditions. We have developed an appropriate procedure using growing cells, wherethe reduction occurs in the culture medium itself. This paper reports preliminary results using cyclohexenones and 2-methyl-2-cyclohexen-1-one as substrates.
MATERIALS AND METHODS
Gas chromatography was performed using an Intersmat IGC 12 m chromatograph equipped with a catharometer. Columnswere 10 ft. x 0.125 in. stainless steel ones packed with 20% Carbowax 20m on Chromosorb W. Hydrogen was used as the carrier gas. Identification of the products was carried out by comparison with authentic samples by vapor phase chromatography. Optical rotations were measured with a Perkin-Elmer 141 polarimeter at the yellow mercury J line (A=578 nm) at 25°C.
The optical density of the cultures was estimated at 578 nm using a CARY15 spectrophotometer.
2-cyclohexen-l-one was a commercial product.
Synthesis of 2-deuterio-2-cyclohexen-l -one, 3-deuterio-2-cyclohexen-1-one4'5} and 2-methyl-2-cyclohexen-1 -one6) have already been described.
General culture conditions. The microorganism, C. La 1 (DSM1460), was grown under the following conditions: 10ml tubes: 10ml screw-top tubes were filled with the following preculture medium; beef-liver mediumATCC38 crotonic acid 3 gl~\ K2HPO41 gl"1, yeast extract 2gI"1. They were sterilized for 20 min at 1 18°C and hermetically sealed upon removal from the autoclave. After seeding, the tubes were purged with nitrogen and incubated for 24hr at 37°C.
100mlconical flasks: the contents of one tube were introduced into a 100 ml conical flask containing 100 ml of the following culture medium; crotonic acid 6 g 1"x, NaOH (pellets) 0.3gI"1, casamino acids DIFCO l gl"1, yeast
mgl"1, MnSO4-2H2O0.4mgl"1, resazurin lmgl"1, paminobenzoic acid 0.8 mgl"1 in distilled water. The flasks were stoppered with rubber septum caps, sterilized for 20 min at 1 18°C and cooled under a stream of nitrogen. After cooling, 0.5ml of a sterile solution of FeSO4-7H2O2.10"5 mwas added to the culture medium and its pH adjusted to 6.8~6.9 by adding 0.8ml of 50% K2CO3solution which had been degassed, then sterilized for 20 min at 118°C and cooled in a stream of nitrogen. Immediately after seeding, 3 ml of culture (thoroughly shaken) was collected for optical density (OD) measurement and pH recording. The flasks were then placed in a linear shaker at 35°C (rate 200mm"1). After about 18hr at 35°C, further ODand pH measurements were made. As soon as the ODvalue had reached between 1.5 and 1.8
and the pH 5.9~6.0, the contents of the conical flasks were used to seed 500 ml containers. 500mlflasks: Each 100ml conical flask was used for seeding a 500 ml flask containing 450 ml of culture medium st|rilized for 30 min at 1 18°C and cooled under nitrogen. After cooling, 2.25 ml of sterile 2.10"5 m FeSO4 solution was added and the pH was adjusted to 6.8~6.9 with 3.6 ml of 50% K2CO3solution treated as above. Each flask was then seeded with 80ml of preculture.
The OD and pH of the mediumwere monitored by regular sampling. Between each measurement,the flasks were placed in a linear shaker at 35°C (rate 200 min"1).
Bioconversion. The substrate (3. 10~3 mol l"1 of culture) dissolved in 2ml of DMSOwas added to the culture mediumthree hr after the ODhad reached its peak value of 1.0-1.5 (pH 5.9-6.0), i.e. about 21hr after initial seeding. The flasks were then put back into the shaker (rate 200 min"1) at 35°C for varying lengths of time. When used, methylviologen was added to the culture immediately after addition of substrate (1 ml of a sterile solution at 7.71 mgrnl"1). After addition of substrate (with or without methylviologen) the flasks were placed in a water-bath set at 35°C. A stream of sterile hydrogen was fed into the culture for several hr, and the flasks then placed in a shaker at 35°C.
Extraction and analysis. Before filtration, the pH of the mediumwas about 5.8 in the absence of methylviologen, and 6.2 in its presence. The contents of the flasks were filtered through a sintered glass filter covered with a layer of celite. The pHof the culture mediumafter saturating with ammoniumsulfate was adjusted to 7~8 in order to eliminate acetic and butyric acids formed. Ether extracts were dried over sodium sulfate and evaporated to dryness on a water-bath. The residue was analyzed by GPC. Yields were determined by adding an internal standard.
Separation and purification were carried out by column chromatography on Merck 60 silicagel (eluant: pentaneether, 90: 10).
RESULTS AND DISCUSSION
Reduction by C. La 1 ofcyclohexenone gave a single bioconversion product resulting from reduction of the carbon-carbon double bond.
Reduction was complete after 24hr. The stereochemistry of this conversion was investigated using 2-deuterio-and 3-deuterio-2-cyclohexen-1-one as substrates. The products are shown in Fig. 1 . Thus, addition of hydrogen to the carboncarbon double bond in these substrates by growing C. La 1 cells is trans. The same stereochemistry had been observed for reduction by B. sulfurescens. The introduction of a methyl group a to the carbonyl considerably slowed down the reaction with growing C. La 1 cells (see Table I ).
This effect had not been observed with B.
sulfurescens.6) Accordingly, we altered the experimental conditions so as to bring them closer to those advocated by Simon et al.3) for isolated cells. These authors used C. La 1 cells as a hydrogenation catalyst, in a hydrogen atmosphere and in the presence of methylviologen (MV2+) which cuts out one enzyme reaction7) (see Fig. 2 ). Wetherefore carried out bioconversions in a hydrogen atmosphere first without methylviologen, then after adding lml of 7.71 mg ml""1 sterile methylviologen immediately after adding the substrate (see Table I ). Whenthe bioconversions were carried out in a hydrogen atmosphere, the yield increased substantially (to 30% compared to 10% without hydrogen). Adjustment of the pH to 6.9
on introducing the substrate did not improve the yield. In the presence of methylviologen, the yield increased slightly (to 40% reduction). 
